The A M L l gene was rearranged in leukemic cells with t(8;21 )(q22;q22) or its variant, complex t(8;V;21) translocations from 33 acute myeloid leukemia (AML) patients. The AML 1 rearrangement was also detected in three AML patients without t(8;21); two had a normal diploid karyotype, and one had a karyotype of 4 5 3 , -X. The AML 1 rearrangement in the t(8;21) breakpoint cluster region was not detected in leukemic cells with cytogenetic abnormalities other than t(8;21), or with normal diploidy obtained from 23 AML patients. Because leukemic cells of the five patients
HE CLOSE ASSOCIATION of specific chromosome T translocations with various subtypes of acute myeloid leukemia (AML) have been well established.',' The 8;2 1 translocation, t(8;2 l)(q22;q22), is one of the most common karyotypic changes in AML and is strongly associated with a unique phenotype within the disease. The translocation is morphologically associated with the M2 subtype of the French-American-British (FAB) classification,' and, less impressively, some increase in marrow eosinophil^.^ Clinically, the patients with leukemia of this translocation are younger and present with lower white blood cell (WBC) count^.^ The remission rate appears higher but their survival is not clearly longer.' Cytogenetically, the loss of a sex chromosome is common. ' In earlier studies, we found the Not1 linking clone LL263 to detect the t(8;2 1) translocation on pulsed-field gel electrophoresis,' and subsequently isolated a novel gene, AMLI, on chromosome 21 that was rearranged by the t(8;21) translocation.' Preliminary analysis showed that the t(8;2 I ) breakpoints on chromosome 21 were clustered within the same intron of AMLI. ',' In the present study, we examined the AMLl rearrangement in the leukemic cell DNAs from 59 AML patients to verify that the AMLZ rearrangement is detectable in all AMLs with t(8;21) or its variants, and to examine whether or not AMLZ is rearranged in some AMLs without the translocation.
MATERIALS AND METHODS
Patients and samples. Fifty-nine patients (28 male, 3 1 female) with AML, aged between 6 months and 74 years with a median of I5 years, and whose leukemic cell samples were available for both cytogenetic and molecular analyses, were included in this study. Twenty-eight patients were admitted to Saitama Cancer Center Hospital (SCCH), and the other 31 patients were hospitalized in 19 institutions (see Acknowledgment) throughout Japan between March 1984 and July 1991. The 59 patients consisted of all the eligible patients with the M2 morphology of AML (see below), and/or a breakpoint(s) in 8q22 and/or 21q22, and some AML patients with specific translocations or inversions involving neither 8q22 nor 2 lq22 band, irrespective of the FAB subtype of AML.
Leukemic bone marrow (BM) or peripheral blood was obtained at initial diagnosis (5 1 patients) or after relapse (eight patients). The samples obtained from the patients outside SCCH were transferred to SCCH by mail or express delivery. Diagnosis of AML was made according to the FAB clas~ification~~~ at each institution; the 59 patients were classified as having the MI ( I patient), M2 (48 patients), with complex t(8;V;21) translocations had a der(8)t(8;21) chromosome with a break in band 8q22 in common, the juxtaposition of the 5 side of A M L l to a predicted counterpart gene located in the breakpoint region of 8q22 may be an essential step in the leukemogenesis of AML with t(8;21). Our findings show that the 8;21 translocation, its variants, and the masked t(8;21) may all be detectable by the Southern hybridization method using the AML 1 probes. 0 1993 by The American Society of Hematology.
M4 (8 patients), or M7 (2 patients) subtype of AML. Chromosomes were studied at SCCH as previously described." Karyotypes were described according to "An Intemational System for Human Cytogenic Nomenclature" (ISCN) ( 1985) ." Some clinical, cytogenetic, or molecular-genetic data on 24 patients have been reported in our previous publications (see footnote to Table l ).6-8310. [12] [13] [14] [15] All data on the other 35 patients are newly reported in this article.
Genomic DNAs were extracted by standard procedures from the same leukemic cell samples that were used for karyotyping. Ten micrograms of DNA was digested with BamHI, or EcoRI, electrophoresed in 0.5% agarose gel, and transferred on to nylon membrane (Hybond-N, Amersham, Tokyo, Japan). C6E6H2, a 0.24-kb HindIII-EcoRI fragment ofAMLI cDNA,' which contains parts of two coding exons separated by an intron where a breakpoint occurred in four patients with t(8;21) AML,' and an intronic probe D1 I X2, an XbaI fragment of XDI 1 genomic clone,' were used as probes (Fig 1) . The probes were hybridized to DNA under the previously described conditions.' A bioimage analyzer, Fujix BAS 2000 (Fujifilm, Tokyo, Japan), was used for autoradiography.
Southern blot analysis.

RESULTS
Cytogenetic data, FAB classification, and results of Southern analysis are summarized in Table 1 .
Karyotypic data. Of the 59 patients, 51 showed clonal chromosome abnormalities and the other 8 had only diploid karyotype in their leukemic cells.
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Plcen- Twenty-eight patients had a standard t(8;2 l)(q22;q22) (patients 1 through 28). Of these 28, 9 had t(8;21) as a sole abnormality, and the other 19 had chromosome abnormalities additional to t(8;21): 12 had loss of a sex chromosome, 2 had a partial deletion of the long arm of a chromosome 9 (9s-), 3 had loss ofa sex chromosome and a 9q-, 1 had loss of a sex chromosome, an extra chromosome 8, and a marker chromosome, and 1 had a der(7)t(7;?)(q32;?).
Leukemias of five patients (patients 29 through 33) had three-way translocations with breaks in 8q22, 21q22, and one other band different in each patient (Table 1 and Fig 2) . Three patients (patients 34 through 36) had translocations with a break in 21q22, and one other band, ie, 16pll in two and 3p 13 in one.
Of the 15 patients without 8q22 and 21q22 breaks, two (patients 37 and 38) had only simple numerical abnormalities.
A complex Ph translocation, t(22;3)(3;?)(qll;q29~22;?), with the rearrangement of the 3' region of BCR (data not shown) was seen in one patient (patient 40). Translocation t(7;l l)(p15;p15) was seen in two patients (patients 41 and 42). A partial deletion of a short arm of chromosome 12, del( 12)(pl l), was seen in one patient (patient 43). Eight patients (patients 44 through 5 l) showed a break in 16q22, with another break in 16p 13 in seven patients.
In 28 of the 59 patients' DNAs digested with BamHI, the cDNA probe C6E6H2 hybridized to a rearranged fragment and 20-kb and 1 1-kb germline fragments (Table 1 and Fig 3) . As in Fig 3, one germline band was less intense than the other in the 28 patients with a rearranged band. Eight patients without a detectable rearranged band also showed one germline band less intense than the other, a pattern resembling the one found in the 28 patients with a rearranged band. We interpreted the difference in the intensity between the two germline bands in the eight patients as indicating the overlying of a rearranged fragment on one of the two germline fragments when tested with BamHI-digested DNAs and the cDNA probe. When the same filters were rehybridized with an intron probe D 1 1 X2, a rearranged band was newly detected in 6 of the 8 patients (Table 1 and Fig 4) . When DNA of patient 27 was digested with EcoRI, two rearranged bands and a polymorphic band (the latter was caused by restriction fragment length polymorphism (RFLP) after EcoRI digest') were detected with D 1 1 X2 ( Fig  5) . Southern blotting of patient 28's DNA digested with EcoRI demonstrated a rearranged band with C6E6H2 (data not shown). Because the rearrangements were identified in most cases of leukemia with t(8;21) and were never detected in AMLl rearrangements.
BamHI-digested DNAs from 30 normal individuals or cell lines without t(8;21) (Miyoshi H, Shimuzu K, Ohki M, unpublished data, December 1991), it is unlikely that the abnormal bands were caused by RFLP. We concluded that the AMLl rearrangement occurred within a limited region of 30 kb in these 36 patients.
Correlation of the AMLl rearrangement with the karyotype and clinical characteristics. Karyotypically, all of the 33 patients with t(8;21) or t(8;V;21) had an 8q-chromosome with a break in 8q22 in common, whether or not the small chromosome segment distal to 2 1 q22 was discernible to have translocated to 8q22 on the 8q-chromosome under microscope. The leukemic samples carrying only normal diploid karyotype and the AMLl rearrangement were obtained either at diagnosis (patient 52) or at relapse (patient 53). While patient 53 had a standard t(8;21) at the onset of her leukemia, repeated chromosome analyses showed only normal female karyotype after relapse. Her relapsed leukemia was morphologically indistinguishable from her leukemia at diagnosis. BM eosinophilia (2.2%), one of the hematologic characteristics seen in the t(8;21)-associated leukemia, was present in patient 37, whose karyotype of leukemic cells showed only loss of a sex chromosome, which is also characteristic of cytogenetic findings seen in the t(8;2 1)-associated leukemia. In addition, patient 37 had an orbital tumor at the onset of her leukemia. None of the leukemic cells whose karyotype exhibited t(16;21), t(3;21), t(7;l l), inv ( 16) , or its variants, or Ph translocation showed the AMLl rearrangement under the conditions used in this study.
Clinical and hematologic characteristics in AML with or without AMLl rearrangements. Of the 48 patients with the M2 phenotype, 35 (73%) had the AMLl rearrangement. A patient with the MI phenotype and t(8;20;21) (patient 33) also had the rearrangement. None of the patients with the M4 or M7 morphology showed the rearrangement.
When the 48 patients diagnosed as having the M2 subtype were divided into two groups, ie, 35 patients with the AMLl rearrangement and 13 without it, the former group had significantly lower WBC counts (14.2 ?z 13.6 v 71.3 ?z 60.2 X 103/pL), more prominent BM eosinophilia (4.4% t 12.6% v 0.6% f 0.8%), and a higher remission rate (94% v 69%) than the latter group (P < .005, P < .05, and P < .05 by the Wilcoxon or the Fisher's exact test). There was no difference in age, sex ratio, hemoglobin concentration, platelet count, percent BM blasts, Auer-rod positivity, frequency of tumor formation, and survival time between the two groups (data not shown).
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DISCUSSION
Specific chromosome translocations are associated with certain disease characteristics in myeloid and lymphoid malignancies. 1,2~16 In lymphoid leukemia/lymphoma, several proto-oncogenes were isolated from the breakpoint regions of specific chromosome translocations, and the roles of some of the genes in the leukemogenesis have been clarified by molecular appro ache^.^,'^ Recently, the molecular mecha-nisms of leukemogenesis of AML associated with 15;17 translocation," 6;9 translocation," 8;2 1 translocation,6-B~20 or I lq23 translocation" have been extensively studied. Also, we have isolated the AMLl cDNA which lies in the chromosome 2 1 breakpoint region of t(8;2 1). 7 The predicted amino acid sequence of the AMLI cDNA showed significant homology with the sequence of runt, one of the genes which control morphogenesis in Drosophila melanogaster. 22 For personal use only. on October 3, 2017. by guest www.bloodjournal.org From 
Arrowheads indicate breakpoints.
The AMLI rearrangement in AML wifh f(8:21) or ifs vari-an& In the study of 59 patients with AML, we showed the AMLI rearrangement in leukemic cells of 36 patients, ie, all 28 patients with t(8;2 l)(q22;q22), 5 patients with complex 3-way translocations involving 8q22 and 21q22, and 3 patients without t(8;21) or t(8;V;21). All patients with the threeway variants of t(8;2l) rep~rted?~-'~ including our 5 patients in this report (patients 29 through 33), had a der(8)t(8;21) chromosome in common that consists of a large chromosome 8 segment and a small chromosome 2 1 segment distal to band q22. Thus, we believe that the der(8) chromosome is critical to the cytogenetic diagnosis of the t(8;21)-associated AML; the relevance is comparable with that of the Ph chromosome to chronic myelogenous le~kemia.~'.'~ The AMLI rearrangement was detected in leukemic cells from three patients (patients 37, 52, and 53) without t(8;21) by BamHI digest. Three possibilities are considered to explain the inconsistency: (1) The normal karyotype (patients 52 and 53) and the karyotype of 45,X,-X (patient 37) may have belonged to mitotic nonmalignant cells, and all the leukemic cells in mitosis, if any, may have escaped the scanning. (2) There may have been no microscopically detectable chromosome changes in leukemia cells, although the juxtaposition of AMLI with the counterpart gene occurred in them. (3) The rearrangement may simply have been caused by the RFLP on the BamHI site in AMLI. We have found some EcoRI RFLP sites within the intron where the break of this translocation always occurs8; however, we have never found BamHl RFLP sites in the region covered by the probes used in this study in 30 DNA samples from healthy volunteers or cell lines without t(8;21) (Miyoshi H , Shimizu K, Ohki M, unpublished data, December 1991). Because patient 53 had t(8;21) in her BM cells at the onset of her leukemia, the leukemic cells with t(8;2I) may have escaped microscopic detection or otherwise further rearrangements between the already rearranged chromosomes, ie, abnormal chromosomes 8 and 21, may have masked the t(8;21) on relapse. The missing sex chromosome as found in the leukemic cells of patient 37 is frequently associated with t(8;21).4*5*25*27*28*30 Thus, we
The AMLI rearrangement in AML wifhoitl f(8;21) . 4) . Two rearranged bands (arrows) and a polymorphic band (asterisk) was detected in patient 27 (lane l). standard t(8;2 I). Molecular analysis using the AMLl probes may clarify whether or not these variant translocations actually rearrange AMLI. Diferent hematologic .feattires between the A ML-M2 patients with the AML l rearrangement and those withotit it. We found differences in the hematologic characteristics between the AML-M2 patients with the AMLI rearrangement and those without it. The patients with the AMLI rearrangement had lower WBC counts, higher BM eosinophil counts, and a higher remission rate than those without the AMLl rearrangement. When we have learned more about the functions of the AMLl and predicted counterpart genes in the future, we would be able to explain the characteristics of t(8:2 1 )-associated leukemia at the molecular level.
Our previous studies showed that AMLl was disrupted between two coding exons, and the 5' part of the gene in-cluding the promoter region was translocated to the q22 band of chromosome 8 in the leukemic cells of all three patients with t(8;2 I)-associated AML that were tested.' Because the der(8)t(8;2 1) chromosome was regularly found also in the complex three-way t(8;2 I ) translocation-associated AMLs. a fusion gene consisting of the 5' portion of AMLl and the 3' portion of the predicted counterpart gene located in 8q22 may always be produced in association with the translocations involving both 8q22 and 21q22, and the predicted chimeric protein coded by the fusion gene may play an essential role in the leukemogenesis.
